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ABSTRACT 

A laboratory model of the regeneration of the inorganic nutrient salts of phosphorus, 
nitrogen, and silicon from diatom cells decaying in the dark while subject to bacterial attack 
was studied. The system was analyzed for phosphate, dissolved and particulate organic 
phosphorus, ammonia, nitrite, nitrate, dissolved and particulate nitrogen, and orthosilicate 
concentrations. The observations extended over a period of more than one year, but the 
significant changes appear to have been restricted to the first five months. 

Nitrogen remineralization, which did not go beyond ammonification, following an initial 
lag period, proceeded at a rate of r6: 1, by atoms, relative to the rate of phosphorus re-
mineralization. This experimental result is in close agreement with the hypothesis developed 
by Redfield (1934) from the relative distribution of nitrate and phosphate in the sea. Com-
parison of silica re-solution with phosphorus remineralization, however, did not confirm 
Richards' (1958) hypothesis, which was similarly derived from the relative distribution of 
phosphate and silicate in the sea. 

A mechanism for phosphorus remineralization consisting of a simple first-order chain 
process was developed from kinetic considerations. 

Introduction. The phosphates, nitrates, and silicates removed from solution 
and aggregated into organic particles by phytoplankton in the surface layers 
of the sea are subsequently returned to solution as dissolved inorganic salts 
through the metabolic activities of the marine community or by nonorganic, 
purely chemical transformations. The distribution of these elements, there-
fore, depends not only on physical processes but on the sinking and swimming 
of organisms and the mechanism and kinetics of the regeneration processes. 
Although the biochemical circulation (Redfield et al. 1963) results in nu-
trient distributions differing from those of the conservative salts, rather simple 
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linear relationships exist between the concentrations of the biochemically active 
solutes. Redfield (1934) demonstrated that the changes in concentration of 
phosphate, nitrate, carbon doixide, and oxygen in ocean waters normally occur 
in fixed relative proportions; this suggests that in the growth and decay of 
organisms these solutes are abstracted or returned to solution at constant 
relative rates, 

The ratio of change of nitrate concentration relative to phosphate derived 
from Redfield's analysis, after correcting phosphates for salt error (Cooper 
1938), is 15: 1, by atoms; this is in reasonably good agreement with the 16: 1 

atomic ratio of nitrogen to phosphorus given by Fleming ( 1940) for average 
plankton. However, Riley ( 19 5 1 ), employing a complex model of the Atlantic 
Ocean from which were obtained average rates of biological change for oxy-
gen consumption and nitrate and phosphate regeneration at various sigma-t 
surfaces, found that the ratios of these rates of change varied greatly at the 
various sigma-t levels and were far from being constant, as Redfield's hy-
pothesis implied. 

In contrast to nitrogen and phosphorus remineralization, the re-solution of 
silica from diatom tests is presumed to be a strictly inorganic hydrolytic process. 
However, Richards (1958) suggested that changes in dissolved silicate con-
centrations are linearly related to changes in phosphate and nitrate concen-
trations and oxygen consumption over intermediate depth ranges in the 
Caribbean Sea and in the Woods Hole-Bermuda region of the Atlantic. 
These facts were interpreted as indicating that silica re-solution might 
be directly related to biological processes involved in nitrate and phosphate 
regeneration. 

To test the hypothesis that the distribution of these nutrients in the sea is 
the result of simple, constant relationships between their regneration rates, 
the latter were observed in a controlled laboratory experiment."The regeneration 
of silicon, phosphorus, and nitrogen have been studied individually by several 
workers (Cooper 1935, Hoffman 1956, von Brand et al. 1937, 1939, 1940, 
1941, 1942, Lewin 1961, J0rgensen 1955), but none has observed them 
simultaneously. Since the flux of organic matter along all the branching food 
chains in the sea would be practically impossible to reproduce, it was decided 
to investigate the relatively simple case of re-solution of phosphorus, nitrogen, 
and silicon from a crop of diatoms as it decayed in the dark and was subjected 
to bacterial attack. 

Experimental Procedure. A 160-liter sample of seawater (S = 33. 12 °/oo) 
was pumped with an all-plastic pump from a depth of I oo m just west of Smith 
Island in the Strait of Juan de Fuca where relatively uncontaminated seawater 
could be obtained. The 200-liter polyethylene drum used as the experimental 
container had been scrubbed with I o 0 /o hydrochloric acid and rinsed with 
distilled water. 
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The drum was covered with clear LuciteR (E. I. DuPont de Nemours 
& Co., Inc., Wilmington, Delaware). A stirrer and wall scrubber consisting 
of a disk-shaped brush ""'.ith polyethylene bristles attached to a Lu~ite handle, 
was so constructed that It could be rotated and moved vertically in the drum 
to stir the water and scrub the container. 

The seawater was filtered through medium porosity filter paper (Eaton-
Dikeman No. 6 I 3) and placed in a room thermostated at 1 1 ° C. A plankton 
inoculum, obtained by towing a no. 18 plankton net (ca. 0.08-mm aperture) 
in Puget Sound off Seattle, Washington, was added. Addition of 0.042 g 
potassium phosphate, dibasic salt, and 0.36 g potassium nitrate brought the 
nutrient concentrations to 3.6 pg-at PO':-P/1 and 51 µg-at NO3-N/l. The 
silicate concentration of the water was 54 µg-at Si/I. Sodium carbonate so-
lution (2 M) was used to adjust the pH to 8.2. The sample was exposed to 
light from daylight-type fluorescent tubes that gave a total illumination of 
about 10,000 lux. 

One month after inoculation, the phosphate concentration was reduced 
to 0.08 µg-at PO:-P/1. Two days later the light was removed and the sample 
darkened by covering it with a sheet of black polyethylene. For all practical 
purposes, the population consisted of a pure culture of an unidentified centric 
diatom. 

After darkening, subsamples were periodically withdrawn and analyzed for 
inorganic phosphate, total dissolved phosphorus, total phosphorus, ammonia, 
nitrite, nitrate, total organic nitrogen, soluble organic nitrogen, and silicate. 
Soluble material, specified here as that passed by a type HA MilliporeR 
(Millipore Filter Corp., Bedford, Mass.) with a 0.45-µ pore size, thus in-
cluded material of colloidal size. Analyses for total phosphorus, ammonia, and 
total organic nitrogen were made on unfiltered water. All other samples were 
Millipore-filtered when collected. The walls and bottom of the drum were 
scrubbed and the water was thoroughly stirred prior to each sampling. The 
system never became anoxic and the pH varied between 8. 1 and 8.2. 

In general, the subsamples were frozen at the time of collection and stored 
until a convenient number had been collected for analysis. Inorganic phosphate 
samples were filtered, placed in glass-stoppered PyrexR bottles (Corning 
Glass Works, Corning, N. Y.), saturated with chloroform, and frozen. At 
the time of analysis, they were brought to room temperature and analyzed 
by the method of Wooster and Rakestraw ( 1951 ). Total dissolved phosphorus 
samples were filtered, transferred to VycorR flasks (Corning Glass Works, 
Corning, N. Y. ), covered, and refrigerated. Unfiltered samples for total 
phosphorus determinations were similarly stored until analyzed by the acid 
hydrolysis technique (Harvey 1948). Particulate phosphorus was estimated as 
the difference between the total phosphorus and total dissolved phosphorus. 
Dissolved 9rganic phosphorus was derived as the difference between the total 
dissolved phosphate fractions and the inorganic phosphate fractions. 
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Samples for ammonia and total organic nitrogen were collected without 
filtration in soft-glass bottles fitted with polyethylene-lined screw caps, acid-
ified to a pH of about 4 with 10°/o hydrochloric acid, and stored frozen. At 
the time of analysis, samples for total organic nitrogen were first withdrawn. 
The remaining water was titrated with I N sodium hydroxide until alkaline 
to phenol red (pH 7-8). Ammonia was determined by the technique described 
by Riley (1953) and Riley and Sinhaseni (1957). Total organic nitrogen was 
determined by a micro-Kjeldahl method in which 10-ml samples were digested 
for 3-4 hours with I ml concentrated sulfuric acid and 5 mg mercuric oxide. 
After cooling, 1 o ml of ammonia-free water were added, and the digest was 
treated with 5 N sodium hydroxide to a point just short of the methyl orange 
end-point, with stirring and cooling during the titration. The titration was 
completed with I N sodium hydroxide to the orange end point, and one ad-
ditional drop, which turned the solution a light golden yellow, was added. 
The ammonia was then determined as above. All samples were analyzed in 
duplicate along with duplicate blanks consisting of 5 mg mercuric oxide plus 
1 ml concentrated sulfuric acid, and the sample absorbance was corrected for 
the blank. The total organic nitrogen determination returns both the organic 
nitrogen and inorganic ammonia, and the result must be corrected for the 
latter. The precision of the organic nitrogen determination approximates 
± I 0°/o. 

Dissolved organic nitrogen samples were filtered, stored, and then ana-
lyzed, as for total organic nitrogen, in duplicate. Since this method returns 
both the organic nitrogen and inorganic ammonia and, as there is generally 
some loss of ammonia during filtration under vacuum, it was necessary to 
run a separate ammonia blank on the water. Particulate nitrogen values were 
derived as the difference between the total organic and dissolved organic ni-
trogen. 

Nitrite and nitrate samples were filtered, stored frozen in glass-stoppered 
Pyrex bottles, and analyzed by the methods of Barnes and Folkard (1951) 
and Mullin and Riley (1955a). 

Silicate samples were filtered, stored frozen in polyethylene bottles, and 
analyzed by the method of Mullin and Riley (1955b). Particulate silicate 
was derived as the difference between the initial dissolved silicate and the dis-
solved silicate at the time of observation. 

Discussion of Results. The results are given m Table I and Figs. 1, 2, 

and 3. 
During the first few days in the dark a rapid interchange of phosphorus 

between the various fractions took place. During the last two days in the 
light the phosphate concentration rose from 0.08 to 0.30 µg-at/1 (sample 1), 
but in the next four days in the dark it dropped to 0.07 µg-at/J. The dissolved 
organic phosphorus, which was relatively high at the time of darkening 
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TABLE I. CHANGES IN NUTRIENT CONCENTRATION FOLLOWING DARKENING OF THE 

SYSTEM, EXPRESSED IN µg-at/ J. 

U) 
z z t:l. 

0 >-, b1) b1) b1) z "' C'.l 
... ... ... 

" z z 0 0 t:l. 0 t:l. en en 
p.. oS ' ' ] -~ ' l .:1 ' -~ I""' 1« i ""' 'i'"' r ... e e 0 0 :r:: ... 0 0 
"' z z z r5 "' r5 ff) t:l. t:l. t:l. en t:l. 

1 .. ..... .. . 0 0.04 0.19 0.79 14.6 49.1 0.30 0.84 2.61 9.63 44.4 
2 ..... . .... 1 0.33 0.18 0.11 1.04 2.60 8.06 45.9 
3 . . .. ... ... 2 0.54 0.22 0.14 0.40 3.21 
4 .......... 4 0.87 0.15 O.o7 0.24 3.44 
5 ...... . ... 5 0.98 0.16 0.71 14.4 51.6 0.09 0.22 3.45 1.79 52.2 
6 . . . ....... 6 0.71 0.22 0.06 0.26 3.43 2.80 51.2 
7 ..... . . . .. 7 0.83 0.21 0.05 0.22 3.48 
8 . . .. . . . . . . 8 0.14 0.18 0.08 3.49 2.80 51.2 
9 .. . ... . ... 10 0.13 0.10 0.43 3.22 

10 ...... . ... 13 0.67 0.79 13.5 54.7 0.16 0.46 3.06 
11 ..... ... . . 17 0.16 0.18 0.06 0.20 3.49 5.38 48.6 

12 .. ... .. ... 20 0.98 0.15 0.02 
13 .......... 22 0.75 0.02 0.29 3.44 8.06 45.9 

14 .... ...... 28 0.75 0.08 0.17 0.16 3.42 13.2 40.8 

15 ...... . . .. 33 0.06 4.80 17.2 44.8 0.96 0.26 2.53 15.7 38.3 

16 . ······ ... 37 0.82 0.20 7.66 17.2 39.8 1.17 0.25 2.33 

17 .... ..... . 43 0.76 0.11 1.46 0.24 2.05 21.7 32.3 

18 ...... ... . 48 0.75 0.10 2.08 

19 . . ........ 51 0.82 0.13 12.3 18.5 34.2 1.48 0.31 1.96 27.0 27.0 

20 .. . .. . ... . 55 0.78 0.10 1.52 0.35 1.88 

21 ... ... .... 59 0.60 0.09 1.76 0.23 1.76 32.6 21.4 

22 .......... 63 0.44 0.07 19.5 1.81 

23 ....... .. . 65 0.71 0.05 I.79 32.8 21.2 

24 .......... 69 0.55 0.02 20.5 21.5 24.8 1.96 

25 . .. . ... ... 72 0.80 0.01 21.l 1.87 36.4 17.6 

26 .......... 76 0.87 0.31 2.04 

27 .......... 79 0.65 0.18 22.9 23.8 21.7 2.10 39.0 15.0 

28 ... . .. . . . . 83 0.41 0.10 23.5 2.14 41.3 12.7 

29 ..... .... . 86 0.59 0.14 2.18 0.41 I. 16 40.1 13.9 

30 . .. ... . . .. 90 0.55 0.15 24.2 2.25 0.38 1.12 40.6 13.4 

31 ....... . .. 93 0.75 0.22 23.3 18.9 23.1 2.28 0.38 1.09 40.9 13. 1 

32 . ......... 97 0.55 0.13 2.32 0.44 0.99 41.5 12.5 

33 ........ .. JOO 0.11 2.26 0.35 1.14 41.5 12.5 

34 ..... . ... . 104 0.47 0.12 24.4 2.23 0.49 1.03 

35 .. ........ 107 0.62 O.o7 2.33 0.39 1.03 43.5 11.5 

36 ... ...... . 114 0.35 0.05 23.2 21.0 21.7 2.31 0.39 1.05 44.2 9.8 

37 . . .. ..... . 119 0.68 0.21 2.33 0.58 0.84 

38 ..... . .... 126 0.63 0.12 22.8 2.37 0.37 1.01 48.2 5.8 

39 . .... ... . . 136 0.73 0.11 22.1 19.6 26.9 0.88 48.0 6.0 

40 152 0.37 0.04 2.38 0.49 0.88 47.9 6.1 ........ . . 
41 .. . . ...... 163 0.16 23.3 2.48 0.09 1.18 

42 . . .... .... 176 0.37 0.16 2.46 0.17 I. 12 52.1 1.8 

43 .... .... .. 191 0.73 0.14 2.44 0.20 1.11 55.2 
(Cont.) 
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TABLE I. (Cont.) 

z z p.,. 

0 tui tui tui 
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0 p.,. en U) ., z _:} I .g 0.. .,- I ] -~ i" ... 7 ... 

E l <n I .,. "' E 0 0 :i:: 0 0 .. 
"' i:::; z z z q p.,. p.,. q p.,. en .. 

en A., 

44 .......... 204 0.15 0.14 21.5 2.46 0.21 I.OB 53.8 0.2 
45 .. .. . ... .. 226 0.31 0.12 21.6 ]9.0 24.5 2.36 0.23 1.16 52.6 l.4 

46 .. .... . ... 247 0.30 0.12 24.5 54.1 

47 .. . ....... 280 0.15 0.05 22.8 2.34 0.36 1.05 55.3 

48 . . . . . .... . 348 0.64 0.05 20.7 20.3 25.5 2.40 0.13 1.22 54.4 

49 .... ... ... 377 0.07 2.41 0.14 1.19 

50 ..... .. .. . 414 0.44 .Q.06 22.9 19.4 25.3 2.40 

TOTAL PHOSPHORUS CONCENTRATION - 3.751ig-at P /1. 
TOTAL SILICON CONCENTRATION - 54.0 µg-at Si/I. 

(0.84 µg-at/1), increased to more than 1.0 µg-at/1 by the following day and 
then rapidly decreased. The particulate phosphorus remained constant the 
first day, but by the third sampling it had increased markedly and reached 
maximal concentrations by the fourth day. 

The increase of inorganic phosphate during the final two days in the light 
and the high concentration of dissolved organic phosphorus found in the initial 
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Figure t. Phosphorus concentrations after the system was darkened. 
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sample could be interpreted as the onset of death and autolytic decomposition 
of the diatom population following nutrient exhaustion. Hoffman (1956) dem-
onstrated a rapid autolytic release of phosphate and dissolved organic phos-
phorus from killed diatoms. However, the continued silicate uptake during 
this period appears to indicate that the diatoms were still viable. Goldberg 
et al. ( 1951) found that much of the phosphate accumulated by diatoms during 
logarithmic growth was only loosely bound and could be easily washed from 
the cells. Moreover, they found that the quantity of phosphorus assimilated 
per cell depended on the phosphate content of the medium. Given the high 
mobility of phosphorus and the apparent ability of diatoms to accumulate 
phosphorus in excess of minimum growth requirements, it may be that, fol-
lowing general nutrient exhaustion, excess cellular phosphorus leaks back into 
solution. 

The apparent conversion of o. 2 µg-at/1 of phosphate into dissolved organic 
phosphorus during the first day in the dark, while the particulate phosphorus 
remained constant, is comparable to that observed by Hayes and Phillips 
( 19 58); they found that bacteria, in freshwater cultures, rapidly convert added 
radiophosphate into dissolved organic compounds. After the first day in the 
dark, however, dissolved phosphorus was rapidly converted into particulate 
matter, probably through bacterial growth. A similar increase in particulate 
organic nitrogen occurred (Fig. 2), but it was within the estimated analytical 
error and, as the dissolved organic and inorganic nitrogen fractions showed 
no corresponding decrease, the increase is suspect. There was a small nitrate in-
crease during the first few days (Table 1), but none of comparable magnitude 
was subsequently observed. Nitrite concentrations were low throughout the 
entire experiment and their periodic fluctuations (Table 1) were directly 
related to the length of storage of the frozen samples, the concentration 
increasing during storage. However, these fluctuations involved only an 
insignificant fraction of the total nitrogen. 

The decrease of dissolved silicate during the first five days in the dark 
(Fig. 3) indicates that viable diatom cells were present, but it is improbable 
that actual growth and cell division were occurring. Lewin (1957) found 
that, following exponential growth, the diatom Navicula pelliculosa continued 
to assimilate silicate if still available in the medium, increasing the degree of 
silicification of the cells. Silicate uptake has been linked with aerobic respiration 
(Lewin 1955), suggesting that the silicate uptake in the dark was simply due 
to increasing the silicification of viable cells through the respiratory consumption 
of stored carbohydrates or fats. That death of the diatoms occurred soon after 
was indicated by the steady re-solution of silica which began following the 
eighth day. About 95°/o of the silica was redissolved after six months; subse-
quent changes were too small to be analytically significant . 
. The sudden increase in dissolved organic phosphorus, the decrease in par-

ticulate phosphorus, and the onset of silica re-solution after the eighth day 

1, 

I 

I' 
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suggest the autolytic release of dissolved organic phosphorus compounds from 
a dying diatom population, similar to that described by Hoffman (1956). 
A rapid bacterial multiplication apparently followed and quickly consumed 
the dissolved organic phosphorus compounds, so that by the 17th day they 
had been completely reassimilated into particulate matter. Thereafter, the 
dissolved organic phosphorus fluctuated irregularly and, on the average, in-
creased at an approximately linear rate through the first four months of the 
experiment. This trend then leveled off until the sixth month, when a signif-
icant decrease took place. 

At the end of the fourth week, an abrupt decomposition of particulate 
phosphorus and an increase in inorganic phosphate began. By this time par-
ticulate nitrogen had begun to break down into ammonia and dissolved organic 
nitrogen compounds. An inflection in the phosphate curve (Fig. 1) at day 55 
corresponds almost precisely with Cooper's (1935) observations. Thereafter

1 

phosphates increased until about the fifth month, after which no further 
significant change could be detected. Particulate phosphorus decreased until 
the fifth month but subsequently increased at the expense of the dissolved 
organic fraction. At the end of the experiment, 64°/o of the phosphorus was 
dissolved inorganic phosphate, 32°/o was particulate, and 4°/o was bound in 
dissolved organic compounds. 

Particulate nitrogen began to break down into ammonia and dissolved or-
ganic compounds after the second week. Ammonia increased at a decreasing 
rate during the next three months and reached a maximum after I 04 days. 
The particulate nitrogen decreased for about 60 days, leveled off for the fol-
lowing 40 days, and then appeared to increase slightly, but the increase was 
less than the estimated analytical error. The dissolved organic nitrogen, initi-
ally 23 °/0 of the total nitrogen, gradually increased after the particulate matter 
began to break down until the decomposition of particulate nitrogen ceased. 
A significant decrease followed the 79th day, implying ammonification of 
dissolved organic intermediates. No significant change in concentration was 
apparent later. The ammonia maximum at 104 days was followed by a slight 
decrease during the following 30 days. Although this decrease in ammonia 
may have been the source of the increased particulate nitrogen, it is also pos-
sible that ammonia vapor escaped from the system. 

At the end of the experiment, about 33°/o of the total nitrogen was am-
monia, 39°/0 was in particulate matter, and 28°/o was in dissolved organic 
compounds. Forty per cent of the particulate nitrogen present at the time of 
darkening had been converted to ammonia, 10°/o to dissolved organic com-
pounds, and 50°/0 remained in particulate form. 

Nutrient Relationships. A correlation diagram between ammonia and 
phosphate concentrations (Fig. 4) shows that between days 33 and 104, when 
the greater portion of the nutrients was remineralized, ammonia and phosphate 
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Figure 4. Correlation diagram between ammonia and ortho phosphate concentrations. The solid 
lin e represents the I 6 : t rate of ammonification relative to phosphate remineral ization 
observed between days 33 and 104. 

concentrations were reasonably well related by a simple linear expression. 
The slope b,. N: b,. P = I 6 : 1, by atoms, indicates a rate of ammonification 
relative to phosphate remineralization of 16: 1. However, prior to day 33 
there was a rapid release of phosphate with littl e or no increase in ammonia, 
and following day 104 the ammonia concentration decreased without a cor-
responding decrease in phosphate. Dismissing the relatively small changes 
following day I 04, it appears that the remineralization occurred in at least 
two distinct phases-an initial phase where there was a rapid release of phos-
phate alone, and a second phase during which phosphorus and nitrogen were 
remineralized at constant relative rates. 

The 16: I ratio maintained during the main phase of remineralization is 
of interest because of its close correspondence to the ratio in which nitrate 
concentrations in the sea are generally observed to change relative to phosphate 
(Redfield 1934, Cooper I 938). Nitrification was not realized during the 
experiment, but if ammonia and phosphate are released to the water from 
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Figure 5. Correlation diagram between orthosilicate and orthophosphate concentrations. The solid 
curve represents the 16:i relationship suggested by Richards (1958). The dashed curve 
represents a 23: I relationship which appears to be better maintained among concentrations 
in an intermediate range. 

sinking debris in this ratio, then, in the. presence of the appropriate nitrify-
ing bacteria, the proper nitrate-phosphate distributions could be obtained. 
However, mixing processes, if sufficiently rapid, could diffuse ammonia 
and phosphate differently and lead to anomolous nitrate-phosphate distri-
butions. 

The deviations from the I 6: I, by atoms, silicate-to-phosphate regeneration 
ratio suggested by Richards (1958) are obvious from the correlation diagram 
(Fig. 5, solid line). There was, however, an approximately linear relationship 
in an intermediate concentration range, where the rate of change of silicate 
relative to phosphate is about 23: 1, by atoms (Fig. 5, dashed line). 



62 Journal of Marine Research 

10 
9 

8 

7 

6 

5 

4 

3 

2 
,_ 
Q) 

_j 

" (L 

0 1.0 
I 0.9 
O> 0.8 ::::i.. 

0 .7 

0.6 

0 .5 

0 .4 

0 .3 

0.2 

0 .1 
0 20 40 60 80 100 120 

Time, days 

Figure 6. Analysis of phosphorus decay. The open ci rcles indicate the observed total organic phos-
phorus in the system. The curve P0 through these points is the sum of P,, P,, and P,, 
the three fractions into which the organic phosphorus can apparently be decomposed. 

Kinetic Model. In an effort to develop a simple model of these processes, 
the data have been examined for kinetic relationships. Upon plotting total or-
ganic phosphorus along a logarithmic ordinate against an arithmetic time 
abscissa (Fig. 6), it becomes apparent that phosphorus remineralization can be 
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approximated as the resultant of the decay, at first-order rates, of two labile 
organic fractions, Pr and P z. A refractory organic fraction, Pr, is present 
and remains constant. The sum of these three fractions, indicated by the curve 
labeled Po, approximates the general trend of the observed values. Upon back 
extrapolation of the curve for fraction Pr to day 8, it is found to coincide 
precisely with the concentration of particulate phosphorus as it decreased 
sharply between days 8 and 13. This correlation may be fortuitous, but since 
diatom decay, implied by the onset of silica re-solution, also began about day 8, 
it is suggested that Pr corresponds to the organic phosphorus of the diatom 
cells. Since the plant population was not killed suddenly but succumbed grad-
ually, the rate at which organic matter was made available from the dying 
diatom cells may have been the factor controlling the rate of bacterial metab-
olism and, ultimately, the rate of phosphorus remineralization. Studies of the 
autolytic release of phosphate from phytoplankton (Hoffman 1956) have 
indicated that practically all the phosphorus can be rapidly remineralized by 
autolytic processes alone, and it is reasonable to assume that the large amount 
of refractory material arose from the metabolic activities of the bacteria and 
that fraction Pr is composed of phosphorus in bacterial cells and of refractory 
products of bacterial metabolism. 

Similar treatment of the organic nitrogen (Fig. 7) demonstrates that nitro-
gen remineralization can also be described in terms of two labile fractions, 
Nr and N2, and of a refractory fraction, Nr. Agreement with the experimental 
values, however, does not extend beyond day 104. The half-lives of fractions 
Pr and Nr are identical, 18 days, as are the half-lives of fractions P2 and N2, 
about 80 days, a condition necessary for constant relative remineralization 
rates. The ratios of fractions Nr to Pr and of N2 to P2 are both 16: 1, by 
atoms, a second condition necessary for the relative remineralization rates to 
be in a ratio of 16: I. 

Although biological processes cannot be expected to follow kinetic laws 
precisely, it has been possible to reconstruct the main features of the experi-
mental observations by assuming that decomposition proceeds as a simple first-
order chain reaction. The assumed mechanism, for phosphorus, is, 

where Pr is identical to fraction Pr of Fig. 6 and is assumed to represent 
the phosphorus in diatom tissue. Pr decays at a first-order rate described by 
its rate constant, kr. P x is placed in the chain to recognize that phosphorus, 
in either organic or inorganic form, is relased from the diatom fraction into 
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Figure 7. Analysis of nitrogen decay. The open circles indicate the observed total organic nitrogen 
in the system. The curve N 0 through these points is the sum of N,, N,, and N,, the three 
fractions into which the organic nitrogen can apparently be decomposed. 

the system before being accumulated by the bacterial fraction, PB• However, 
the rate of bacterial assimilation appears to be so rapid that the concentration 
of P x is always negligible. Bacterial respiration and the decay of dead bacterial 
cells give rise to fraction Pt, inorganic phosphate, and to PR, the refractory 
organic substances released during bacterial metabolism and the undecomposed 



1964] Grill and Richards: Nutrients from Decomposing Phytoplankton 65 

remains of dead bacterial cells. The sum (k 2 + k3) describes the rate of loss 
of phosphorus from the bacterial fraction to the two product fractions formed 
in constant relative proportions. 

The equations governing the model are 

dP, 
----;ft = - k,P I ' 

dPB 
= k,P, - (k2 + k3) Pb, 

d 
dt (Pi +PR)= (k2 +k3) PB; 

these have the solutions 

P, = P~ exp [-k, (t - to)], 

p k, o { B = (k
2 
+ k

3
) _ k, P, exp [ - k, (t - to)] - exp [ - (k 2 + k3) (t- to)]} 

+ P_& [exp -(k2+k3) (t-to)], 

(Pi + PR) = .EP-(P,+PB), 

k3 
PR= k- k [(Pi + PR)-(/1 +Pj)] +P_&; 

2 + 3 

P~, Pj, Pf, and Pj are the concentrations of the respective fractions at the 
origin of time, to; these have the following values expressed in µg-at P/1: 
P~ = 3.50, Pj = o.oo, /1 = 0.05, Pj = 0.20, to = 8 days . 

.E P is the total phosphorus in the system, 3. 7 5 µg-at/1. The value of 
k,, 0.0380 day-', was obtained from Fig. 6. The values of k2, 0.0381 day-', 
and k3, 0.0174 day-1, were derived empirically, essentially by trial and error, 
to determine if a set of first-order rate constants could be found to give a curve 
that would fit the observations reasonably well. Fig. 8 illustrates the results 
of computation using the above equations and constants and compares the 
observed total organic phosphorus with the calculated values. Although the 
model reproduces the general features of the experimental results reasonably 
well, an appreciable discrepancy is apparent between days 15 and 33. An 
assumption implicit in the model is that phosphorus and oxidizable carbon are 
released from the diatom cells in constant relative proportions throughout the 
experiment. If, however, during this initial phase, a substrate relatively rich 
in oxidizable carbon was being metabolized, it might be necessary for the 
bacteria to draw upon phosphate from the medium. This possibility is suggested 
by the findings of Guillard and Wangersky (1958) that senescent diatom cul-
tures, in bacteria-free media, may release dissolved carbohydrates. 



66 Journal of Marine Research [22,1 

10 
9 

8 

7 

6 

5 

4 

3 

2 

.... 
Q) 

_J 
........ 
0... 1.0 

+-' 0 .9 
0 0 .8 I 
o> 0.7 
::1, 

0 .6 

0 .5 

0.4 

0.3 

0 .2 

0.1 ~---'----- ---'---~ ---~---~---~---
0 20 40 60 80 100 120 

Time, days 

Figure 8. Model of phosphorus decay. The open circles indicate the observed total phosphorus in 
the system. The curve, TOP, through the points is the sum of fractions Pi, Pa, and P •. 

A similar model of nitrogen decay could be prepared, but the effort would 

1 l 

'' 

'' i I 

be difficult to justify with the experimental observations available. Mineral- 1 1 
ization of nitrogen is probably more complex than that of phosphorus because 
of the greater number of intermediates possible between protein and ammonia. 
The changes in the dissolved organic nitrogen fraction seem to be evidence 
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Figure 9. Analysis of silica decay. 

of such intermediates. The formation and decomposition of such intermediates 
would retard the appearance of the end product while the intermediates built 
up to equilibrium concentrations. While there is evidence of the accumulation 
of nonrefractory dissolved organic nitrogen intermediates, there is none of 
an accumulation of similar organic phosphorus intermediates. Such factors 
could be responsible for discrepant remineralization ratios during the initial 
stages of the process. 

Analysis of silica re-solution (Fig. 9) indicates that it too can be represented 
as a simple first-order process. The re-solution rate was 0.017 day-'. 
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